Mycobacterium bovis, the etiological agent of bovine tuberculosis, can infect a wide range of domestic and wild animals (16, 22, 32, 38) . The importance of the infection in wild animals focuses on three aspects: (i) the role of some wild species in maintaining tuberculosis and acting as a reservoir of infection for livestock, (ii) the morbidity and mortality that the infection can cause in protected and endangered species, and (iii) the possibility of its impact on public health.
In a report from the Office International des Epizooties, 22% of countries have detected bovine tuberculosis in wildlife (deer, elk, wild boar, feral goat, buffalo, possum, ferret, mink, hedgehog, lion, cheetah, kudu, baboon, and seal) in the last 10 years (30) . However, wild species do not reach the status of maintenance host for M. bovis in all countries. In most cases, they become infected when the challenge level is high, but when infection is eliminated from the natural host (cattle), it also disappears from the other animal species. The risk that these reservoirs of infection pose for domestic animals and humans is quite variable, depending on the specific epidemiological situation for the species and the environment (32) .
However, the potential role of wild animals in the maintenance and spread of M. bovis infection in domestic livestock is of particular importance in countries where eradication programs have substantially reduced the incidence of bovine tuberculosis but sporadic outbreaks still occur. The best-known examples are the European badger (Meles meles) in the United Kingdom and the Republic of Ireland (19, 29, 35) and the possum (Trichosurus vulpecula) in New Zealand (8) . The potential for a badger population to become endemically infected with M. bovis and to act as a source of infection for cattle was experimentally proved (29) . The involvement of badgers and possums has been based principally on the observed incidence of infection in these animals inhabiting affected areas, coupled with the finding that intervention studies that removed badgers or possums were shown to result in a consequential decrease in the number of tuberculosis-infected cattle and reinfections (8, 37) . Although badgers did contribute to cattle tuberculosis, the available data made it impossible to quantify the contribution in the United Kingdom (27) .
In Michigan in the United States, self-sustaining infection in white-tailed deer (Odocoileus virginianus) has served as the presumptive source of infection for cattle herds (44) and carnivores (5) . The best-studied maintenance host of M. bovis in Africa is the African buffalo (Syncerus caffer), which has spread the infection to predators (26) .
There are some circumstances in Spain that may favor infection transmission between species. First, there is a wide variety of wild animal species, and many of them are susceptible to infection by M. bovis. Second, game has become an essential part of the economy of a sustainable agriculture, which in some areas has led to overgrown populations, also related to the lack of natural predators. Third, specific farming practices (extensive management) allow grazing cattle to overlap wildlife habitats. These circumstances are present in some areas of central, southern, and western Spain. In 2002, the prevalence of herds with positive intradermal tuberculin (IDTB) tests in these regions ranged from 7.7 to 10.6%, in comparison to 0.07 to 0.6% in some areas of the northern part of the country.
A combination of traditional disease-tracing investigation and molecular typing is needed to understand the epidemiology of tuberculosis and can provide valuable insight into the importance of different hosts in the maintenance and spread of the infection. Some genetic elements of M. bovis can be used as strain-specific markers, but there is no consensus as to which method is best suited for this purpose (2, 13, 14, 42) .
Spacer oligonucleotide typing (spoligotyping), described by Kamerbeek et al. in 1997 (26) , is a PCR-based method that reveals the polymorphism of the direct repeat region by detecting the presence or absence of specific spacer sequences. In a previous report, M. bovis spoligotypes related to cattle isolates were also found in M. bovis isolates from four wild boars and two red deer, suggesting transmission (1). This finding led us to embark on this comprehensive study.
The aim of the current study was to identify Spanish wild animal species infected with M. bovis through bacteriological culture and spoligotyping with two objectives: (i) comparison of the patterns of M. bovis strains from wild and domestic animals, and (ii) insight into possible inter-and intraspecies transmission among wild animals in the same habitat.
MATERIALS AND METHODS
Sample collection. The study included samples from wild red deer (Cervus elaphus) (n ϭ 108), fallow deer (Dama dama) (n ϭ 89), wild boar (Sus scrofa) (n ϭ 96), Iberian lynx (Lynx pardina) (n ϭ 4), and hare (Lepus europaeus) (n ϭ 8) and from domestic cattle (Bos taurus) (n ϭ 179). Sources and sampling periods are summarized in Table 1 . The samples were collected in geographical areas of Spain selected for their unique ecological value or because the relationships between wild animals and livestock are known. These sampling areas are several hundred kilometers apart and are located in Andalucía, Extremadura, Castilla-La Mancha, and Madrid (south, west, central-south, and central Spain, respectively).
Doñana National Park has been classified as World Heritage Site by the United Nations Educational, Scientific, and Cultural Organization. Located in western Andalucía, it covers 50,720 ha and is notable for the great diversity of its ecosystems. Doñana National Park also maintains a number of grazing cattle and horses as a traditional activity for local farmers. There was a continuous increase in livestock in the 1990s motivated by agricultural subsidies. Samples consisted of animals found dead or terminally ill for protected species; in the case of hoofed species, samples from animals randomly selected for health monitoring were also collected. Samples from 13 cows that used to graze in the park and that reacted to the IDTB test were included in the study.
Monte de el Pardo is a natural park of 14,474 ha close to the city of Madrid. Its entire perimeter is protected with a stone or wire fence. From 2000 to 2001, 529 red deer, 4,020 fallow deer, and 639 wild boars were slaughtered in this park for population control. Animals were inspected by the staff of the Public Health Service of Madrid, and 1.51, 1.39, and 0.63%, respectively, showed visible lesions compatible with tuberculosis. There is no livestock in El Pardo, but it is bordered on the north and west by many cattle-grazing properties.
Game properties 1 and 2 are privately owned properties on the boundaries of Monfragüe Natural Park (northern Extremadura). Both of them are devoted to hunting, and wild animals are not in contact with the cattle. The sampling was a random survey of mature male and female red deer and wild boars that were shot by hunters.
Sampling in cattle property 1 (northern Extremadura) and in cattle property 2, Ciudad Real (southern Castilla-La Mancha), was performed because a high percentage of livestock, which are raised extensively there, reacted to the IDTB test. Samples from IDTB reactors and wild boars hunted in these properties were also studied.
The last sampling area is a large cattle and game property located in Albacete (eastern Castilla-La Mancha). Bullfighting cattle are bred with extensive management system and occasional supplements. The property is also exploited for game. Red deer, wild boars, and hares were sampled. Cattle were mustered for the eradication campaigns, and those that reacted to IDTB and animals that were slaughtered for other reasons were also analyzed.
In this study we also included the results for seven red deer, two fallow deer, and nine wild boars that were diagnosed with tuberculosis at our department. These animals were shot between 1996 and 2001, and most of them came from areas close to Madrid. The origins and years of collection of these 18 animals are detailed in Table 2 .
Necropsies were performed by veterinarians, with different sets of sterile instruments used for each animal. Samples usually consisted of retropharyngeal, mediastinal, bronchial, mandibular, and mesenteric lymph nodes, lung, and liver collected at the post mortem examination. The samples received from four dead lynxes were a lesion at the elbow joint from an adult male (this first case has already been reported [4, 39] ), a lung with granulomatous lesions from a female (9) a ND, not done.
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who died in captivity in 2000, lesions from the lung, kidney, and mesenteric lymph node from a male found dead in 2001, and the lung and liver from a male killed in traffic in 2002. All samples were stored at Ϫ20°C until culture. Bacteriology. Samples from each animal were pooled, homogenized with sterile distilled water, and decontaminated with 0.35% hexadecylpyridinium chloride for 30 min (10), centrifuged at 3,500 rpm (1,068 ϫ g) for 30 min, and cultured onto Coletsos and 0.2% (wt/vol) pyruvate-enriched Löwenstein-Jensen media (bioMérieux España and Biomedics, Madrid, Spain) at 37°C. The isolates were identified as M. bovis by staining for acid-alcohol fastness, colony morphology, and PCR amplification of Mycobacterium genus-specific 16S rRNA fragment and MPB70 (49) and IS6110 (25) sequences.
Fingerprinting. The spoligotyping method was performed as described by Kamerbeek et al. (26) . PCR of the direct repeat locus was performed with heat-treated cell suspensions. The amplified product was detected by hybridization of the biotin-labeled PCR product onto a spoligotyping membrane (Isogen Bioscience BV, Maarssen, The Netherlands). Purified sterile water and clinical isolates of M. tuberculosis and M. bovis were included as controls in every batch of tests.
The spoligotyping results were compared with those obtained with M. bovis strains isolated from cattle and other domestic animals in our database. This database comprises 115 spoligotyping patterns from about 900 Spanish M. tuberculosis complex isolates. For the type nomenclature, patterns were allocated a prefix and a number; the prefix spb was used for classical M. bovis isolates, and spc was used for patterns with the characteristics of M. caprae (3) (formerly M. bovis subsp. caprae [34] ). Numbering follows the order in which they were found and does not indicate any specific relationship among them.
RESULTS
A total of 323 wild animals (five species) and 179 cattle were sampled and examined by culture to detect tuberculosis infection. In general terms, red deer and fallow deer showed granulomatous lesions in the lung and associated lymph nodes but with some differences. Tuberculosis lesions in fallow deer involved the whole lung, which appeared completely covered with caseous nodules of different sizes; however, in red deer they were usually limited to a small area of the lung. Sporadically, lesions were found in other organs (liver and spleen). Wild boars showed lesions compatible with tuberculosis at the mandibular and/or retropharyngeal lymph node and in the lung and associated lymph nodes. Occasionally, hepatic lesions were also found in the inspected animals.
M. bovis was isolated from samples from 156 wild animals (33 red deer, 62 fallow deer, 58 wild boars, and 3 Iberian lynxes) included in this survey. Two other wild boars were found to be infected with M. caprae. The results from culture and spoligotyping are shown in Tables 1 and 2 . The results were compared with those obtained from livestock (Table 3) .
Six spoligotypes were identified among the isolates from Doñana National Park. Spoligotype spb-52 was the most prevalent type, as it was found in 43 of 53 (81.1%) positive animals from the three wild Artiodactyla species, and it was isolated through all 7 years of sampling. This type also affected three dead lynxes, one found in 1999, a second case in 2000, and a third in 2002. The lungs were the affected organs in two lynxes. Nine M. bovis isolates were obtained from cattle, seven of them also belonging to the spb-52 type.
The population of M. bovis in Monte de El Pardo was quite homogeneous, as only three spoligotyping patterns were found; 57 of 64 M. bovis isolates (89%) were spb-16, isolated from 1998 to 2002 in the three wild species sampled for this study. This spoligotype is frequently isolated from cattle in the northern area of Madrid. Red deer and wild boars were the species affected during the first years of survey in the park, but in recent hunting seasons, fallow deer has been the species most frequently diagnosed with tuberculosis.
M. bovis from cattle and hunted wild boars from cattle property 1 had the same spoligotyping patterns; 38.8% of the cattle inspected of this property were found to be infected with M. bovis, most of them with type spb-8, and this type was also found in one wild boar. Three isolates from cattle were typed as spb-7, as was the isolate from the other wild boar. The same spoligotype (spb-13) was found in three wild boars and one cow from cattle property 2.
M. bovis strains from one red deer and wild boars from sampling area 7 were compared to M. bovis strains obtained from 21 cattle from the same property. The wild animals were infected with M. bovis type spb-9, also found in one cow. Types spb-7, spb-34, and spb-98 were found only in the livestock.
Eighteen more wild animals were diagnosed in our department as having tuberculosis. The results are shown in Table 2 . Type spb-16, common in Monte de El Pardo and the farms in northern Madrid, was found in two red deer and a wild boar from southwest and northwest Madrid, respectively.
A wild boar hunted in the northern part of Madrid was infected with M. caprae, as revealed by the special characteristics of spoligotyping (lack of spacers 1, 3 to 16, 28, 30 to 33, and 39 to 43) and the sequencing of the pncA gene, which had CAC (His) at codon 57. This unusual pattern, spc-5, was also found in two cows from two farms located in this area. A caprine spoligotyping pattern was also found in the Mycobacterium isolate from a wild boar from southwest Madrid; this type, spc-3, is common in caprine herds in this area.
M. avium subsp. avium and atypical mycobacteria were cultured from a small number of animals (a red deer and a wild boar from Monte de El Pardo, three red deer from game property 1, and one fallow deer from Doñana National Park). In these cases, samples consisted of hemorrhagic lymph nodes without granulomatous lesions.
DISCUSSION
This study combines conventional disease-tracing investigation and molecular typing in an attempt to understand the epidemiology of bovine tuberculosis in Spain, specifically, the transmission of the infection between wildlife and domestic animals. In this survey, spoligotyping demonstrated that wildlife species (red deer, fallow deer, wild boar, and Iberian lynx) and domestic animals from the same geographical area are infected with the same M. bovis strains. This fact reveals an epidemiological connection; either the two populations are infecting each other or there is a common source of infection, although fingerprinting per se does not determine the direction of transmission. The M. bovis populations isolated from wild animals during this survey were highly homogeneous. In each specific area, spoligotyping identified a local type that is prevalent for both the number of infected animals and presence throughout the years, although a small group of spoligotypes can also be found. This finding also reflects the main pattern found among local cattle and may indicate an enhanced ability of the strains to disseminate. In general terms, most spoligotyping patterns are regionally distributed (scarce types are confined to a particular location), while a small number of spoligotyping patterns are widespread in Spain, affecting wild animals from different geographical areas that are several hundred kilometers apart. This was the case for spb-7 and spb-8; these types were found frequently in cattle, and trade between farms could be the reason for their spread. Spb-7 is the second most predominant spoligotype in France, and it is also observed in Great Britain (pattern GB54), but at a low level (24) .
The question now is to ascertain the role that these wildlife species play in the epidemiology of bovine tuberculosis in Spain. Classification of wild animal species as maintenance or spillover hosts has been a controversial issue, based on the location of tuberculous lesions coupled with ecological factors such as population density, behavioral characteristics, and interaction in the same habitat. According to these criteria, the results obtained in this study indicate that deer and wild boar may be maintenance hosts of M. bovis in Spain.
The lesions in the deer included in this study were mainly located in the thoracic cavity, which has been described as the most common site of infection in maintenance hosts of M. bovis (16) , as this may also provide an indication of the probable means of the spread of the infection. Internationally, the prevalence of M. bovis in wild Cervidae has been reported to reach 5% (7, 38) . Deer appear to be more infectious to other species than cattle and may act as a vector infecting wildlife (32, 47) . There were epidemiological evidence of their ability to initiate new foci of infection in other wildlife species, i.e., coyotes (Canis latrans) and raccoons (Procyon lotor) in Michigan (5). In the Republic of Ireland, Costello et al. identified the same spoligotyping patterns among deer, cattle, and badgers (13) .
M. bovis infection in wild swine has been reported in Australia, New Zealand, and Italy. In the Northern Territory of Australia, the old swamp buffaloes that died at the end of the dry season provided infected carcasses for scavenging. It was concluded that swine in the Northern Territory were almost certainly dead-end hosts which rarely transmitted the infection to other species (9, 31) . However, studies in New Zealand found that 33% of infected feral pigs had either lung or bron- Tables 1 and 2 . Other sources indicate data on isolation from livestock included in our database. f, spacer presentϩ; e, spacer absent. Spacers are numbered as indicated by Kamerbeek et al. (26) .
b Fr, frequent pattern, found in several Spanish areas.
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chial lesions, suggesting that M. bovis can be transmitted between animals by aerosols (48) . In Italy, spoligotyping provided good strain differentiation when it was applied to monitoring the transmission of M. bovis between cattle and wild boars; the authors believed that boars were the end host for M. bovis because, in that case, the lesions were limited to the lymph nodes of the head (43) . In our survey, the wild boars showed lesions in several body sites; the presence of tuberculous lesions in the lung and associated lymph nodes usually reveals transmission by the aerogenous route, while lesions in the retropharyngeal and mandibular lymph nodes could reveal infection by ingestion of contaminated offal or scavenging on carcasses. The behavior of wild boars can be closely related to this dual source of infection. They are also active animals, able to pass under wire fences. These facts demonstrate that in Spain, wild boars are not a dead-end host of tuberculosis.
We also report the isolation of M. caprae (3, 34) from two wild boars with lesions compatible with tuberculosis. In both cases, they were geographically linked with isolates with the same typing patterns from cattle or goats.
It is likely that infection in wildlife first came from cattle, i.e., no cases of tuberculosis were detected in Doñana National Park before the uncontrolled increase in the cattle population. This observation agrees with evidence suggesting the introduction of tuberculosis into Kruger National Park via an infected cattle herd (46) . The campaign eradicate tuberculosis in cattle relies on the IDTB test and removal of reactors, but the sensitivity of the tuberculin test (at standard interpretation) is only 90% (33) . The performance of tuberculin tests can be affected by specific situations, as seasonal undernutrition combined with the effects of stress due to mustering of semiwild herds. Thus, failure to diagnose cattle tuberculosis results in the persistence of the infection. Transmission of infection from cattle to wildlife (and vice versa) may happen at several points. First, the territories of wild and domesticated animals overlap because they share pasture and drinking ponds. Some factors, such as crowding of animals at watering ponds, may facilitate close contact and thus may lead to increased respiratory transmission of infection (1, 12) . Second, persistence in infected animals after death may be a source of infection for scavengers, providing the large dose of microorganisms needed for infection by the alimentary route. It has been described that M. bovis survived for 2 weeks in the carcass of a tuberculous badger lying on pasture (29) and 6 weeks in infected tissue from a buffalo under South African conditions (46) . Third, survival in the environment is a factor, as M. bovis can survive for 4 weeks in soil in 80% shade (17) .
Once established in a wild population, M. bovis is probably able to persist by transmission among wild animals (during feeding, grooming, or mating). The fence around Monte de El Pardo allows only sporadic contacts with domestic animals from neighboring farms, which does not seem to explain the high prevalence of the infection in wildlife. The finding of the same spoligotype within this locality over several years may reflect self-maintenance of the M. bovis strains. This transmission among wild animals could also explain the infection of wild animals from areas without livestock, as it happened in game properties 1 and 2.
Research on the epidemiology of wildlife disease was also undertaken because of the concern that infectious diseases may affect the survival of endangered species. The Iberian lynx is considered the most endangered feline in the world (36) . It has been classified as critically endangered C2a(i) in the IUCN red list of threatened species. In 1990, the population was estimated to be 1000 animals, in small groups in south-western Spain (41); during the last decade, the total population has dropped to 500 individuals. Three Iberian lynxes were found infected with M. bovis, and the spoligotyping pattern was identical to the predominant pattern found in Artyodactyla species in the National Park. Lesions were found in the respiratory tract, although scavenging on tuberculous carcasses, probably on fallow deer because this is part of the lynxЈs diet (15) , was the most likely source of infection. M. bovis infection has been reported in other wild felids, as lions (Panthera leo) and cheetah (Acionyx jubatus) in the Kruger National Park (27) , and the bobcat (Felix rufus) in United States (5) . Consumption of tuberculous buffaloes and deer, respectively, was assumed as likely source of infection. Extensive lesions at the lungs were also described in the African carnivores, probably caused by infection within pride by inhalation. However, Iberian lynx is not a gregarious species, and are in close contact only at mating season. The second case could be a reactivation of an old infection, as the female lynx had spent last years in captivity, with no contact with other animals and was feed on products suitable for human consumption. (18, 20, 40) . A special (although scarce) risk is infected animals without visible lesions. In our study, three wild boars and three red deer with no visible lesions were M. bovis positive by culture. Meat from infected animals may contain viable M. bovis and represents a hazard for consumers, particularly when meat is eaten uncooked (sausages). Post mortem inspection to detect lesions and confiscation of the affected organs or whole carcasses reduce the danger of infection and are compulsory in Spain. In this sense, it is important that hunters become aware of their role in fighting tuberculosis, first, by reporting animals with lesions and facilitating the inspection of hunted animals, and second, by collaborating in the elimination of tuberculous animals to reduce environmental contamination.
The results obtained in this study raise several questions which need to be addressed. The first question is the estimation of the true prevalence of M. bovis infection in Spanish wildlife and whether tuberculosis has become endemic in wild animal populations. It is not possible to infer the true prevalence of the infection from our survey: hunted animals are a biased population sample, weighted towards adult males, and therefore unrepresentative of the population with regard to both sex and age, and the numbers of samples collected each year did not allow monitoring of changes in prevalence. The prevalence of tuberculosis in the clinical samples included in this study is likely to be underestimated, as in most cases only some lymph nodes were available for culture, and the retropharyngeal node, one of the most commonly affected organs, could not be inspected in all animals. Despite these limitations, we can affirm that M. bovis infection is widespread among Spanish wild animals, because it has been found in several animal species and in unrelated geographical areas. This fact, assuming that wild animals have only limited contact with cattle and coupled with the finding of a prevalent typing pattern in each location, indicates that the infection has become endemic in wildlife populations.
The second and most important question concerns the development of rational strategies to control or eradicate M. bovis infection in wild animal populations. Vaccination of wildlife and feral reservoirs against tuberculosis has been proposed as a viable strategy for the control of the disease (6, 12, 21) , but many issues need to be addressed before it becomes a realistic option. However, this option deserves the effort, and development of a vaccine against tuberculosis for use in deer (23) , badger (45) , and possum (11) populations has already been initiated.
At present, the only control measures available for wildlife hosts are removal of the infected animals and population control. The detection of infected animals is hampered by the difficulties of handling and the lack of appropriate diagnostic tools, and control of populations (culling) shocks public opinion, and in some cases, species are statutorily protected. A realistic and convenient option would be intensification of the eradication campaigns in cattle from the affected areas, coupled with limiting contact between domestic and wild species by fencing wildlife in nature reserves. This simple strategy has been implemented in sampling area 7, and tuberculosis has been eradicated from the cattle herd that had been chronically infected.
In summary, spoligotyping has identified local prevalent patterns of M. bovis that were found infecting domestic animals, wild deer, fallow deer, and wild boars from the same geographical area. This finding, coupled with the locations of the tuberculous lesions and specific ecological factors, indicates that wildlife species may act as maintenance hosts of M. bovis in Spain. This infection is a threat to livestock, wildlife, and endangered species such as the Iberian lynx. A better understanding of the transmission and distribution of disease in these populations will permit more precise targeting of control measures that would benefit both livestock and wildlife.
